The change of concentration of various volatiles generated during frying may be an indicator of oil quality. Chemical compounds such as aldehydes, ketones, alcohols and carboxyl acids are the products of oxidation during thermal degradation of edible oils. Shown in this work is a complementary use of GC×GC-TOFMS and PTR-MS for the detection and determination of quality indicators of rapeseed oil. The former technique was used for the identification of potential markers and the latter for their quantitative determination. As a result of the GC×GC analysis, it was determined that 2-pentanone, heptane, octane, 1-heptanol and nonanal can be considered indicators of thermal degradation of rapeseed oil. Using PTR-MS, it was possible to monitor the concentration of these volatile indicators in real time. Based on the results of the analysis and of the reference method, it was concluded that 1-heptanol is best suited for the role of a quality indicator of thermal degradation of rapeseed oil.
Introduction
Frying is one of the basic methods of food processing. It contributes to the flavour, aroma, colour and texture of food products (Bordin et al. 2013 ) and is thus a staple of many cuisines. Frying occurs when the temperature of fat ranges from 150 to 200°C. The recommended frying temperature for rapeseed oil is 180°C; however, in practice, it is often exceeded which might lead to the generation of toxic and carcinogenic chemical compounds. The physical properties of fats change significantly during frying. Moreover, numerous chemical reactions such as oxidation, hydrolysis, polymerisation, cyclisation and Maillard's reactions occur in oil during heating (Choe and Min 2007; Zhang et al. 2012 ) and products of these might have a detrimental effect on human health. Ingestion of several chemical compounds generated during thermal degradation of edible oils can increase the risk of cancer and of cardiovascular, Alzheimer's and Parkinson's diseases (Martínez-Yusta et al. 2014) .
In previous studies, it was demonstrated that it is possible to assess the degree of thermal degradation of edible oils based on headspace analysis (Majchrzak et al. 2017; Wojnowski et al. 2017a) . During thermal degradation of edible oils, compounds such as carboxylic acids, carbohydrates, ketones, esters, lactones or aldehydes are generated. Some of these compounds, e.g. aldehydes, are volatile products of edible oils' oxidation (Fullana et al. 2004 ). For instance, hexanal is recognised as an indicator of the degree of oxidation of rapeseed oil (Matthäus 2006) . However, methods such as sensory analysis (IOC 2005) , determination of peroxide value (in autooxidation process) (Dieffenbacher and Pocklington 1991) or anisidine value (ISO 6885:1988 (ISO 6885: 1988 remain the standards in vegetable oils' quality monitoring. In order to determine the product's thermal stability, the Rancimat method is also commonly used (Mateos et al. 2006) . It is important to note that the use of aforementioned techniques does not allow for qualitative or quantitative analysis of the products of the oil's thermal degradation.
Gas chromatography (GC) is one of the most commonly used instrumental techniques for oil quality assessment. It is utilised in the determination of fatty acids in oils (AOCS 1996) or determination of the headspace composition (García-González et al. 2004) . However, at the beginning of the twenty-first century, a new technique, namely multidimensional gas chromatography (GC×GC), has emerged. In the recent years, it has been finding application in food analysis (Tranchida et al. 2004; Dymerski et al. 2015) . Unlike traditional gas chromatography, the use of GC×GC enables the analysis of relatively complex food matrices due to its superior resolution. Examples of such a complex matrix are edible oils, especially the ones used for thermal treatment. This technique can be used for both targeted and untargeted analysis of vegetable oils (Purcaro et al. 2007 ) and for the characterisation of fatty acids (de Geus et al. 2001; Mondello et al. 2003) . However, there is a lack of examples of the use of multi-dimensional gas chromatography for the assessment of the degree of edible oils' thermal degradation.
The use of the abovementioned techniques entails certain difficulties. Prior to each analysis, oil has to be sampled and pre-treated which is costly and labour-intensive and constitutes a potential source of measurement errors. Moreover, it is not possible to monitor the changes of the oil's chemical composition in real time at any given moment of the process of thermal degradation. To this end, proton transfer reaction mass spectrometry (PTR-MS) can be used. This technique was successfully used to classify butter and butter oil (Van Ruth et al. 2007) , to determine the geographic origin of olive oil (Araghipour et al. 2008) or to detect oxidative alteration (Aprea et al. 2006) .
Presented in this article are the results of research in which a proton transfer reaction mass spectrometer was used to monitor the changes in the concentration of potential indicators of rapeseed oil's oxidation. The potential indicators were selected based on the results of headspace analysis using two-dimensional gas chromatography-mass spectrometry (GC×GC-MS). To date, the concentration of these compounds was not monitored in real time. The analysis of the dynamic changes in the headspace of oil samples during thermal processing can be an important source of information regarding the processes which occur during frying. Furthermore, using statistical analysis, it was possible to compare the obtained results with induction time determined using the Rancimat method.
Materials and Methods

Materials
The samples of refined rapeseed oil were procured at the local distribution centres in Gdańsk, Poland. They were stored in original, sealed polyethylene packaging at 20°C in a dark and dry environment to reduce autooxidation. Samples of 5 g of edible oil were placed in 20-mL glass headspace vials and sealed with caps lined with PTFE.
In order to determine potential indicators of the oil's thermal degradation using GC×GC samples of rapeseed oil were incubated for 24 h at 20, 60, 100, 140 and 180°C. Samples incubated at different temperatures displayed various degrees of thermal degradation due to the differences in the rate of chemical reactions and thus were of different quality. This experiment was performed in order to maximise the changes occurring during thermal degradation which is crucial for the identification of as many potential volatile markers as possible.
In order to determine the oil's thermal stability using the Rancimat test and PTR-MS, the samples were placed in a thermostated incubator and heated to 180°C. The temperature was ramped from 25 to 180°C over a period of 15 min and then held at 180°C for an hour. In both procedures, the oil was sampled in 15-min intervals.
Standards used in standard addition calibration method, namely 2-pentanone, heptane, octane, 1-heptanol and nonanal were purchased in Sigma-Aldrich. High-purity water for Rancimat test was obtained using the MilliQ A10 (Millipore).
Rancimat
The determination of edible oil's oxidative stability using the 893 Professional Biodiesel Rancimat (Metrohm) was used as a reference method. In this method, the measured value is the induction time which can be related to the oil's quality. During the analysis, the samples were incubated at 110°C in accordance with ISO 6886:2006. The volumetric flow of air was set to 20 L/h. StabNet software was used to process the results.
HS-SPME GC×GC-TOFMS Analysis
Samples were prepared using headspace solid-phase microextraction (HS-SPME) which is widely used in food analysis for the enrichment of analytes (Wojnowski et al. 2017b) . They were incubated for 45 min at 100°C prior to extraction also for 45 min at 100°C. High extraction temperature was chosen due to the difficulties with the transfer to the sample's headspace and subsequent adsorption on the fibre of volatile compounds present in lipophilic matrices such as edible oils. A divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fibre (2 cm, 50/30 μm, Supelco Inc., Bellefonte, USA) was used for the extraction. The use of this type of fibre enables the adsorption of both polar and nonpolar chemical compounds. The limitations resulting from a relatively small sorptive area are compensated by the high sensitivity of the GC×GC-TOFMS instrument. Afterwards, the fibre was transferred to the injector of the gas chromatography device where it was thermally desorbed for 4 min at 250°C.
Comprehensive two-dimensional gas chromatography coupled with mass spectrometry with time-of-flight analyser (GC×GC-TOFMS) was used to analyse the sample. The chromatography setup was comprised of the Agilent 7890A (Agilent Technologies, Santa Clara, USA) equipped with a single-jet dual-stage cryogenic modulator and a split/splitless injector. Pegasus 4D TOFMS (LECO Corp., Saint Joseph, USA) was used as a detector. The 30 m × 0.25 mm × 0.25 μm Equity 1 (non-polar stationary phase-PDMS) (Supelco Inc., Bellefonte, USA) and the 2 m × 0.1 × 0.1 μm SolGel-Wax (polar stationary phase-PEG) (SGE Analytical Science, Ringwood, Australia) chromatographic columns were used. Modulation time was set to 6 s. In the optimised temperature program, the temperature was initially held at 40°C for 3 min, subsequently ramped to 250°C at the rate of 5°C/min and then held for 5 further minutes. The total time of a single analysis was 50 min. The inlet was operated in splitless mode at 250°C. Hydrogen at a flow rate of 1 mL/ min v/v was used as a carrier gas. The temperature of the ion source was set to 250°C, the detector voltage was 1600 V, and 125 spectra were collected every second. The analysis was run in triplicate for oil samples from three different manufacturers.
PTR-TOFMS
The PTR TOF 1000 ultra (Ionicon GmbH, Innsbruck, Austria) was used for further analysis of oil samples. The samples' volatile fraction was sampled in a dynamic mode by passing air filtered using the Supelpure® HC Hydrocarbon Trap (Sigma-Aldrich Co.) through the headspace. A nylon syringe filter (0.20 μm, Agilent Technologies, Santa Clara, USA) was placed before the inlet of the PTR-MS. Oil samples were thermostated throughout the analysis. Headspace vials were incubated in a dedicated heating block with a temperature control accuracy of within 0.1°C. The analytes were introduced into the mass spectrometer through a transfer line heated to 70°C at 5.0 cm 3 /min. The detector voltage was set to 2380 V and the remaining parameters were chosen as described in Jordan et al. (2009) . Reaction E/N value was set to 130 Td in order to facilitate identification and determination of a wide range of chemical compounds present in the cooking fumes of rapeseed oil. The calculated concentration of selected ions was corrected based on specific reaction rate constants. Averaged mass spectra were recorded every 10 s. IoniTOF v2.4.40 (Ionicon GmbH, Innsbruck, Austria) and PTR-MS Viewer v3.2 (Ionicon GmbH, Innsbruck, Austria) were respectively used for data acquisition and processing.
Data Analysis
Statistical data processing was used in order to reduce the number of variables. The chemometric procedure involved data normalisation, removal of outliers based on the support vector machine algorithm and the selection of 25 most significant chromatographic peaks based on the ReliefF parameter. The ReliefF algorithm is used for binary data classification. It was developed based on the Relief method proposed in 1992 (Kira and Rendell 1992) in which the Manhattan norm is used for finding near-hit and near-miss instances instead of the Euclidean norm. K near misses are selected from each particular class and their contributions are averaged for updating the weight vector (w), based on the prior probability of each class. Data analysis was performed using the Orange v.3.7.0. software (Demšar et al. 2013) .
Results
Due to the complex matrix composition and screening character of the measurement, a relatively universal CAR/DVB/ PDMS SPME fibre was chosen for the GC×GC analysis. Because of that, both polar and non-polar volatile products of edible oil's degradation were extracted from the samples. Samples were incubated at five different temperatures for 24 h. Based on the headspace analysis, it was possible to tentatively identify from over 200 volatile chemical compounds in samples incubated at 20°C to app. 400 volatiles in the headspace of rapeseed oil incubated at 180°C. Chromatograms (TIC) obtained for samples incubated at 20, 100 and 180°C are shown in Fig. 1 . The compounds present in the samples' headspace are predominately very volatile and polar substances. Each compound was identified based on selected fragmentation ions listed in the NIST Mass Spectral Library v. 2.0. The next step was to narrow the list of chemical compounds which could be considered as potential indicators of thermal degradation of rapeseed oil.
Compounds the concentration of which had the greatest impact on the classification of samples of rapeseed oil based on the temperature of incubation are listed in Table 1 . These 25 chemical compounds fulfil the following criteria:
(1) The signal-to-noise ratio for samples incubated at 180°C was above 500 for a given unique mass understood as the m/z value of the fragmentation ion the peak area of which was determined. These are the compounds found predominantly in the volatile fraction of the thermally degraded oil.
(2) The changes of concentration of these compounds had the greatest impact on the classification of samples based on the ReliefF algorithm. The ReliefF weight vectors are listed in Table 1 .
The number of potential indicators of thermal degradation was further reduced based on the linearity of the changes of their concentration in the samples' headspace with the increase of incubation temperature.
It was assumed that compounds with corresponding peak area values linearly dependent (with a threshold value of R 2 = 0.98) on temperature are possible markers of thermal degradation of rapeseed oil. Using these criteria, five chemical compounds were selected, namely 2-pentanone, heptane, octane, 1-heptanol and nonanal, which are listed in Table 2 together with their retention times in both dimensions, unique mass and correlation of area under the peak with the temperature. The changes of peak area for identified indicators, namely heptane and octane, are depicted in Fig. 2 . The peak areas increase with the increase of incubation temperature. Using twodimensional gas chromatography coupled with TOF detector, it was possible to eliminate the potential coelution which could impact the result of the analysis. Among the identified potential indicators, the highest R 2 value was observed for heptane and the lowest for octane.
Furthermore, the concentration of the selected markers was determined in the samples of rapeseed oil using the standard addition calibration (AC) method which allowed compensation for the matrix effect which, in complex gas mixtures such as the analysed samples, can have a considerable impact on the result of the analysis. The concentration of potential indicators was determined in samples incubated at 20, 100 and 180°C. The results of the analysis are listed in Table 3 , together with LOD and LOQ. It should be noted that the concentration of markers in the headspace of samples incubated at 20°C did not exceed 1 ppm, with the exception of alkanes. This might lead to a conclusion that the rate of oxidation reactions was markedly lower than was the case at higher incubation temperatures. The concentration of markers of the most thermally degraded samples exceeded 5 ppm, with the highest concentration in the samples' headspace observed for 2-pentanone and the lowest for nonanal. Using GC×GC-TOFMS, it was possible to obtain low LOD and LOQ values which means that this technique is sufficiently sensitive to determine the products of thermal degradation of edible oils. However, the result of the analysis does not reflect the actual composition of the oil's headspace during heating or frying, as the concentration of volatiles released during frying is much higher than in the case when the sample is cooled and subsequently heated during solid-phase microextraction. During cooling, the equilibrium between the liquid and gaseous phases changes and the concentration of volatile compounds in the sample's headspace decreases. Moreover, the SPME process takes place at the same time in three phases: oil, headspace and on the fibre itself.
For that reason, proton transfer reaction mass spectrometry was used which allowed measuring the concentration of VOCs in the oil fumes. However, when using this technique, it is difficult to obtain qualitative information regarding the composition of the sample's volatile fraction. Since the proton transfer reaction leads to soft ionisation, the obtained m/z signal pertains only to the mass of the pseudo-molecular ion. In the case of compounds with the same or very similar molecular mass, there can be difficulties with their definitive identification and determination. A more reliable qualitative analysis can be performed using hard ionisation, like the one used in GC×GC, as the fragmentation of compounds can reveal information regarding their structure and functional groups. Unfortunately, when using GC×GC for qualitative analysis, it is necessary to perform calibration using standard solutions which is often labour-intensive and might lead to additional measurement errors, and the quantitative analysis is performed indirectly, as opposed to a more direct measurement with PTR-MS, the use of which additionally enables real-time analysis. Thus, both GC×GC-TOFMS and PTR-TOFMS were used as complementary techniques for qualitative and quantitative analysis of the headspace of rapeseed oil samples, enabling comprehensive measurements of the products of thermal degradation in real time.
Using PTR-MS it was possible to monitor the concentration of volatiles generated during thermal degradation of oil. As was the case with GC×GC, it was possible to detect several hundred individual ions in the headspace of rapeseed oil samples. The mass spectra of the volatile fraction of rapeseed oil at the beginning and at the end of the experiment are shown in Fig. 3 . It can be observed that the main products of thermal degradation are VOCs with relatively short carbon chains and low molecular weights.
PTR-TOFMS was used for real-time determination of the concentration of previously identified markers of rapeseed oil's thermal degradation by imitating the processes which occur during frying and which lead to the deterioration of the oil's quality. Due to the low proton affinity n-alkanes below C 6 are not ionised, while higher alkanes, including (Arnold et al. 1998 ). The remaining determined compounds mostly yield MH + ions. In order to quantitate the selected compounds, the following k (10 −9 cm 3 /s) values were chosen: 2-pentanone 3.41, heptane 2.17, octane 2.31, 1-heptanol 2.00 and nonanal 3.84. The k values are given according to the Langevin theory, except for nonanal and 2-pentanone which were reported in the literature (Zhao and Zhang 2004) . In the absence of literature data, a universal k value of 2.00 was used for 1-heptanol, as it was assumed that the fragmentation of the selected compounds is negligible and the fragmentation ratio remains constant.
The change of the concentration of thermal degradation indicators during the entire analysis is depicted in Fig. 4 . In the case of a majority of these compounds, the concentration increases rapidly during heating and then reaches a plateau. It can be assumed that in the case of Fig. 4 The changes of concentration (ppm v , horizontal axis) of selected ions during the incubation of rapeseed oil at 180°C over a period of 75 min (horizontal axis) measured in real time using PTR-TOFMS. The selected ions correspond to protonated compounds: 2-pentanone, octane, nonanal, heptane and 1-heptanol, respectively Fig. 3 Mass spectra obtained at the beginning (a) and at the end (b) of the 75-min incubation of samples of rapeseed oil using a setup for real-time PTR-TOFMS measurement these volatiles, their presence in the sample's headspace is caused primarily by diffusion which is more intensive at higher temperatures, and so their concentration in the gaseous phase depends more on the temperature of the process than on its duration. The exception was 1-heptanol, the concentration of which increased throughout the duration of the experiment, making it a possible marker of thermal degradation of rapeseed oil. Listed in Table 4 are the concentrations of potential indicators of rapeseed oil's quality determined during an analysis using PTR-TOFMS. It can be noted that at the beginning of the experiment, the concentration of these compounds did not exceed 1 ppm. Only the concentration of 1-heptanol remained below this threshold throughout the experiment which might present an obstacle in using it as an indicator of thermal degradation, especially when utilising equipment with a lower sensitivity. The results were compared with the induction time measured using the Rancimat test. The induction times at 0, 15, 30, 45, 60 and 75 min of the experiment were 9.62 ± 0.16 h, 6.96 ± 0.53 h, 5.82 ± 0.26 h, 3.97 ± 0.26 h, 0.11 ± 0.05 h and 0.03 ± 0.01 h, respectively. The correlation between induction time and the concentration of possible quality indicators was determined using the Pearson's test. The best correlation was observed for 1-heptanol, and it can be surmised that its concentration in the rapeseed oil's volatile fraction is inversely proportional to the induction time which leads to a conclusion that it should be considered an indicator.
Conclusions
In this research, modern instrumental analytical techniques were used to identify the volatile markers of thermal degradation of rapeseed oil. The complementary use of multidimensional gas chromatography and proton transfer reaction mass spectrometry is a novel approach in the identification of quality indicators which could be monitored during food processing. In particular, the complementary use of both techniques enables the identification and determination of volatile chemical compounds without the need for the use of calibration standards. This in turn leads to a less labour-intensive approach which, moreover, conforms to the stipulations of Green Analytical Chemistry (Gałuszka et al. 2013 ). 1-Heptanol, the concentration of which increased from 0.156 ± 0.014 ppm v to 0.933 ± 0.028 ppm v during the course of thermal degradation, was identified as a potential quality indicator of rapeseed oil. The use of PTR-TOFMS enabled realtime monitoring of its concentration and, thanks to the instrument's high sensitivity, it was possible to identify and determine volatile products of thermal degradation at concentration levels below 1 ppm v , without the need for sample preparation. Moreover, in the described approach, the volatiles are determined not in the sample's headspace as is the common practice but in the frying fumes in which the concentration of VOCs is much higher and thus the exposure to them is more hazardous. Due to the innovative character of the described approach, the obtained results could not be compared with available subject literature.
The outlined procedure could be used not only for identifying markers of thermal degradation of edible oils but also for selecting volatile indicators from among compounds generated during food processing. In many cases, it is important to monitor the concentration of VOCs in cooking fumes, as they might have a detrimental effect on the health of people who are exposed to them for extended periods of time.
In the future, the described approach will be used for the identification of volatile quality indicators of various edible oils used for frying. The immersion of food products in oil might affect the composition of the volatile fraction and enrich it with products of hydrolysis, or intensify the oxidation due to reactions occurring on the surface of food products.
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